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it is the only remaining registered fumigant. 
However, because the long exposures required, 

many food industries and particularly exporters have 
been striving for a quick and effective fumigant for 
insect pest control in food commodities. In addition, 
the WTO and Free Trade Policies, trade traffic of 
foodstuffs across the world have been considerably 
increased to a level that, fumigation for disinfesting 
stored food commodities has been playing a significant 
role. Although some developed countries have adopted 
the approach of zero tolerance of insect pests in food 
commodities, many insects have developed resistance 
to phosphine over the last decade (Cao et al., 2003; 
Savvidou et al., 2003; Daolin et al., 2007). Therefore, 
the fumigation technology that is required to obtain this 
zero infestation has been facing constraints because 

Of the 16 fumigants listed in common use some 
32 years ago by Bond (1984), only very few remain 
today. Most of these fumigants have been withdrawn 
or discontinued on the grounds of environmental 
safety, cost, carcinogenicity and other factors. Methyl 
bromide (MB) has been phased out by 2015, because 
of its contribution to stratospheric ozone depletion 
(UNEP, 2002). In cases where there is a value for 
MB fumigation, exemptions for quarantine and pre-
shipment (QPS) purposes, as well as the possibility to 
apply for exemptions where no alternative exists, the 
applicant has to demonstrate that every effort is being 
made to research alternative treatments. In contrast; 
phosphine remains popular, in many countries, because 
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ABSTRACT

The two most important limitations of phosphine fumigation are: (a) long exposure times; and 
(b) the danger of developing resistant insect populations. It is evident that insect resistance is a
serious concern that threatens the continued effective use of phosphine. Phosphine fumigation
protocols have been revised in different countries to tackle the problem of insect resistance
to the fumigant. In many countries, fumigation is performed under tarpaulins or a liner with
high permeation to the fumigant, with permeable floors where retention of the fumigant is not
measured. This requires repeat fumigations that most probable increases resistance levels and
selects for insects with a higher phosphine tolerance. To deal with the question ‘what degree of
gastightness is needed for a successful fumigation’ some comparative assessments were made
to provide practical guidelines. In this paper other registered fumigants are reviewed, they suffer
from the limitation that they may be useful for application using special equipment or under
specific conditions. Sulfuryl fluoride (SF) has not been registered as widely as phosphine. The SF
has potential applications in disinfesting flour mills and food factories. It can be used effectively
for insect pest control in dry tree nuts and food grain, but data are scarce on the effect of SF on
quality of the treated commodity and persistence of residues. Propylene oxide (PPO) has the
property to act within very short exposure times on storage insects. It is a safe fumigant for use
on food, and is registered and used in the USA as a sterilant for commodities such as dry and
shelled walnuts (Juglans regia L.), spices, cocoa (Theobroma cacao L.) powder and nutmeats.
The PPO should be applied under low pressure or in CO2-enriched atmospheres. Ethyl formate 
(EF) has been tested against insect pests of food commodities. It is rapidly toxic to storage insects 
including psocids. The EF should be used in mixture with CO2. 
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die but the surviving eggs and pupae will continue to 
develop and re-infest the grain.

In Australia, a silo is technically considered as 
sealed if it stands a five-minute half-life pressure test 
according to the new Australian Standards AS2628 
(Standards Australia, 2010). Often silos are constructed 
as sealed but are not gas-tight, being unsuitable for 
fumigation.

The question should be what degree of gastightness 
is needed for a successful fumigation? For this purpose 
some comparative assessments were made to provide 
practical guidelines.

In variable pressure test, the structure is pressurized 
to a value above atmospheric, using a fan. The air 
supply is then shut off and the pressure is allowed to 
fall by natural leakage to a new value. The time taken 
to fall from the high (positive or negative) pressure 
serves as a measure of the degree of sealing. Time 
elapse to half the pressure is usually considered for 
comparisons of gastightness level.

Although these tests are far from being perfect, 
they provide significant information to the fumigator. 
If the structure is not gastight any pressure may not 
be detected. This is an immediate conclusion. 

For testing gastightness of stacks under tarpaulin, a 
very low negative pressure should be exerted; pressure 
values as low as 50 Pa may be sufficient to estimate 
the gastightness of the stack. 

For testing container gastightness, the pressure 
exerted may be as high as 250 Pa, if it cannot be 
pressurized or the pressure drops within 3 s, the 
container must be checked for leaks, it should be sealed 
and retested. Pressure decay time should exceed 10 s 
from 200 to 100 Pa (Graver and Banks, 2008).

For testing metal silos, to minimize the thermal 
influence tests should be carried out preferably before 
sunrise and in still weather. A pressure of 250 Pa may 
be taken as an upper limit, but for some structures even 
this pressure may cause poor seals to open. Welded 
steel cells and concrete silos may be able to stand 
500 Pa, but higher pressures are usually unnecessary.

Comparative tests with variable pressure tests are 
scarce. Table 1 was prepared as provisional guidelines 
based on best estimates available in the literature. 
The suggested times given in Table 1 were doubled 
for empty storages as an approximation to the inter-
granular airspace, since for barley (Hordeum vulgare 
L.), corn (Zea mays L.), rough grain and wheat 
(Triticum aestivum L.), this free space is in the range 
of 35 to 65% of the total volume. 

Banks and Ripp (1984) tested sealed flat storages 
from 4,500 to 27,000 tonnes capacity and compared the 
fumigant effectiveness using phosphine with pressure 

of regulatory implementation and the development of 
resistance of phosphine (Arthur and Rogers, 2003).

The increased demand of competitive markets 
for quality in food commodities free from pest and 
pesticide contaminants on the one hand, and the need 
to find appropriate alternative control measures on the 
other hand, pose the first challenge. Although efforts 
have been made to register new fumigants in several 
countries, and in the development of new technologies 
as alternative control methods, the limitations that exist 
in the registration of those newly considered fumigants 
pose also significant global challenges. The restrictions 
imposed by regulatory agencies in many countries and 
particularly in Europe make registration a target very 
difficult to achieve. The aim of the present paper is 
to elucidate those new global challenges to the use of 
gaseous treatments in stored products. 

Phosphine
Phosphine is available in solid preparations of 

aluminum or magnesium phosphide and in cylinders 
containing carbon dioxide ECO2 FUME® or nitrogen 
FRISIN®. Lately, on-site phosphine generators that 
can release the fumigant up to the rate of 5 kg h–1 
are available in some countries (Argentina, Chile, 
China and the USA). Metal phosphide formulations 
with slow or altered rates of phosphine release have 
been developed and tested in Australia (Waterford and 
Asher, 2000) and India (Rajendran, 2001). 

Gastightness requirement for phosphine fumigation: 
A major problem in the application of phosphine is 
the retention of the gas in the fumigated enclosure. 
Since fumigation in unsealed silos does not kill pests 
at all stages. Most of the structures are characterized 
by lack of gastightness. Only few countries have 
established standards for gastight silos appropriate 
for fumigation (Newman, 2006, 2010). Japan has had 
fumigation gastightness standards since before 1970 
(personal communication: Jonathan Banks). In most 
countries fumigation is performed under tarpaulins 
or a liner with high permeation to the fumigant, with 
permeable floors where retention of the fumigant is 
not measured. This requires repeat fumigations that 
most probable increases resistance levels and selects 
for insects with a higher phosphine tolerance. 

Rajendran et al. (2000) suggested that it is 
important to maintain a minimum phosphine 
concentration of 1000 ppm for resistant Rhyzopertha 
dominica and 600 ppm for resistant Sitophilus oryzae 
in a 7 d treatment. Trials show that these levels of gas 
concentration are not realistic to achieve in silos, so 
insects will not be controlled at all life stages. The 
fumigation may appear successful when the adults 
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Table 1	 Provisional recommended ranges for variable pressure 
test carried out in structures destined for gaseous 
treatments to control storage insects. 

Type of gaseous
treatment

Structure volume
in cubic meters

Variable pressure test 
decay time (min.)

250–125 Pa 
Empty 

structure
95% 
full

Fumigants Up to 500 3 1.5
500 to 2,000 4 2
2,000 to 15,000 6 3

MA Up to 500 6 3
500 to 2,000 7 4
2,000 to 15,000 11 6

MA, including 
airtight storage

Up to 500 10 5
500 to 2,000 12 6
2,000 to 15,000 18 9

Source: Nivarro (1998)

fumigation protocols have been revised in different 
countries to tackle the problem of insect resistance to 
the fumigant. In these protocols, the only country that 
has specified the importance of phosphine fumigation 
only in gastight structures is Australia. It is expected 
that pest controllers in other countries will adopt similar 
standards to avoid fumigation in unsealed structures.

Two major restrictions of phosphine are that it 
requires several days of exposure to achieve the same 
level of control as that of MB, and that it corrodes 
copper and its alloys and therefore electrical and 
electronic items need protection from exposure to the 
fumigant. Phosphine also reacts to certain metallic 
salts, which are contained in sensitive items such as 
photographic film and some inorganic pigments.

NEWLY CONSIDERED FUMIGANTS

Sulfuryl fluoride
Application: Sulfuryl fluoride has been used as a 

structural fumigant for dry wood termite control for the 
past 45 years, but it also has potential applications in 
disinfesting flour mills and food factories (Bell et al., 
1999). On 23, January 2004, the US EPA approved the 
first-time use of sulfuryl fluoride as a fumigant on food 
which permits the highest levels of inorganic fluoride 
on food commodities in its history. Derrick et al. 
(2013) reported that sulfuryl fluoride is currently being 
examined for use in museums and historic structures as 
a pest control agent. When Vikane© is properly used 
little to no visible damage to materials was noted. 
However, for accepting it as a museum fumigant in-
depth analysis of its possible effect on its physical 
and chemical properties of exposed artifacts would 
be necessary (Derrick et al., 2013). Sulfuryl fluoride 
has been registered and used as a structural fumigant 
in Germany, Sweden and the USA. Sulfuryl fluoride 
is available under the trade name ‘Vikane’ containing 
99.8% sulfuryl fluoride and 0.2% inert materials. Apart 
from the USA, China has been producing sulfuryl 
fluoride (trade name ‘Xunmiejin’) since 1983 (Guogan 
et al., 1999). Also, sulfuryl fluoride can be applied 
under reduced pressure, so that the exposure period 
can be drastically reduced (Zettler and Arthur, 2000). 
The fumigant was noted as highly toxic to diapausing 
larvae of the codling moth, Cydia pomonella in stored 
walnuts (Zettler et al., 1999). Sulfuryl fluoride is also 
registered under the trade name ‘ProFume®’ for the 
protection of stored food commodities (Schneider et 
al., 2003). ProFume® is registered in the US to allow 
virtually all mills and food processing facilities to test, 
adapt and consider adoption as an alternative to MB. 
Additionally, registration coverage in EC countries for 

decay time from 150 to 75 Pa. Their tests resulted in 
successful control of insects when half-life pressure 
decay was 3 min. for the storage capacity of 15,600 
and 16,500 tonnes, whereas full insect control could 
not be achieved when half-life pressure decay was less 
than 1 min for capacities of 4,800 tonnes. In Table 1, 
a minimum of 3 min for large size structures and a 
minimum of 1.5 min. for the small range served as 
basis for half-life decay time for full storages. 

Development of resistance to phosphine: 
Phosphine resistance in all major stored grain beetle 
pests has been documented in many countries 
like Australia, India, Marocco, Brazil, the USA 
and China (Collins et al., 2003; Benhalima  
et al., 2004; Yang, 2006; Pimentel et al., 2009; Opit 
et al., 2012; Rajendran, 2016). Alice et al. (2014) 
reported survival of Cryptolestes spp. in field trials 
on rice (Oryza sativa L.) stacks under multi-layered 
cross-laminated sheets with aluminum phosphide 
applied at the rate of 3 tablets/tonne for 7 d, even when 
the average gas concentration at the end of the test 
was 1,047 ppm v/v (range 156–1,151 ppm). Highest 
level of phosphine resistance has been reported for 
Cryptolestes spp., followed by R. dominica and T. 
castaneum in India as in other countries (Rajendran, 
2007). Schlipalius et al. (2014) pointed out that it has 
become apparent that strong resistance to phosphine 
is increasing in frequency and possibly in the level 
of resistances found. 

From this discussion it is evident that insect 
resistance is a serious concern that threatens the 
continued effective use of phosphine. Phosphine 
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Application: Ren and Mahon (2003) carried out 
field trials on EF for fumigation of on-farm storage 
in bulk of wheat (125 tonnes), sorghum [Sorghum 
bicolor (L.)] (140 tonnes) and faba beans (Vicia faba 
L.) split (75 tonnes). The liquid EF was applied as a 
pulsed, or double, dose to the top of the grain through a 
polyvinyl chloride probe. In each pulse, 85 g/tonne was 
applied, total dosage 170 g/tonne. After 2–4 h of the 
first pulse, the second pulse was applied. To maintain 
EF concentrations below the flammable level, reduce 
vapourization, maintain an effective concentration of 
ethyl formate for > 20 h, and to avoid liquid ethyl 
formate accumulating at the bottom of the bin, this 
method of application was chosen. Those field trials 
reported by Ren and Mahon (2003) have shown that 
EF has good potential as a fumigant in unsealed farm 
bins. To encourage applying EF in un-sealed bins may 
be questionable from the aspect of leading to future 
resistance to the fumigant.

A significant point to consider during the 
application of EF is that the application technology as 
in combination with carbon dioxide or the fumigant 
alone has different dosages. Experiments carried out 
by Rajendran (2009) on 160 tonnes wheat stacks 
at 27°C showed that a dose of 214 gm-3 for 72 h 
was adequate. While Damcevski et al. (2010) report 
on the successful application of the formulation 
of VapormateTM to achieve complete control of R. 
dominica and T. castaneum with 63 and 76 gm−3 EF, 
respectively, with exposure for 24 h.

In practice to purge through a tube using EF in a 
mixture with carbon dioxide, a vapourizer is needed. 
This is a heated coil through which the fumigant 
mixture is conveyed into the fumigation chamber. 
In treating large volumes of commodity, even a 20 
ft (6.1 m) container size, the aspect of application 
EF either directly as Ren and Mahon (2003) into the 
grain mass or through an appropriate evaporator needs 
to be elaborated. Tarr et al. (2004) carried out two 
fumigations with EF in shipping containers. The first 
used liquid EF treated with 60 g m-3 of EF vapour 
for 44 h and demonstrated that this fumigant worked 
in cold conditions. The second demonstration used 
CO2 as a carrier gas, thereby reducing flammability 
and improving distribution of EF. These aspects of 
practical application are lacking in the literature.

Ryan and deLima (2013) reported that EF 
applications have been limited because of high 
treatment costs with cereal grains and phytotoxic 
issues with fresh produce.

Maximum residue limits: For the registration of a 
fumigant in a country the established maximum residue 
limits (MRL) is an important aspect of the process. 

numerous milling and food processing applications is 
broad, and increasing (TEAP, 2014).

Ovicidal effect:Although it can be used effectively 
for insect pest control in dry tree nuts and food grain, 
data are scarce on the effect of SF on quality of the 
treated commodity and persistence of residues. The 
fumigant is more penetrative into treated commodities 
than MB. Insect eggs are the most tolerant stage for 
sulfuryl fluoride. The relative egg tolerance can be 
overcome by increasing the exposure period and by 
raising the treatment temperature (Bell et al., 1999). 

Maximum residue limits: The U.S. Environmental 
Protection Agency has re-evaluated the current science 
on fluoride and is taking steps to begin a phased-down 
withdrawal of the pesticide sulfuryl fluoride, a pesticide 
that breaks down into fluoride and is commonly used 
in food storage and processing facilities. Although SF 
residues in food contribute only a very small portion 
of total exposure to fluoride, when combined with 
other fluoride exposure pathways, including drinking 
water and toothpaste, the EPA has concluded that the 
tolerance (legal residue limits on food) no longer meets 
the safety standard under the Federal Food, Drug, and 
Cosmetic Act (FFDCA) and the tolerances for sulfuryl 
fluoride should be withdrawn (EPA, 2009).

Greenhouse effect: Sulfuryl fluoride has been 
reported by Mühle et al. (2009), Papadimitriou et al. 
(2008) and Sulbaek et al. (2009) to be a greenhouse 
gas which is about 4,000–5,000 times more efficient 
in trapping infrared radiation (per kg) than carbon 
dioxide (per kg). Mühle et al. (2009) indicated that 
annual amounts of sulfuryl fluoride released into 
the atmosphere (about 2,000 metric tons per year 
are far lower than the amounts of CO2 released by 
hydrocarbon-burning vehicles, industry, and other 
processes (about 30 billion metric tonnes per year). 

Ethyl formate
Ethyl formate (EF) is known as a solvent and is 

used as a flavouring agent in the food industry. It is 
naturally present in certain fruits, wine and honey. In 
India, extensive laboratory tests against insect pests of 
food commodities and field trials on bagged cereals, 
spices, pulses, dry fruits and oilcakes have been carried 
out on the fumigant (Muthu et al., 1984). Ryan and 
Bishop (2003) reported on non-flammable EF/liquid 
carbon dioxide fumigant mixture. Ethyl formate, as 
Eranol, has long been used for the protection of dried 
fruits in Australia. It has been found suitable for in-
package treatment of dried fruits. Studies in Australia 
indicate that, unlike phosphine, EF is rapidly toxic to 
storage insects including psocids (Annis and Graver, 
2000).
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residues of agricultural compounds not specified in the 
Standard. Eight samples of pistachios (Pistacia vera 
L.) contained PPO residues at concentrations greater 
than 0.1 mg kg-1 (Wilson et al., 2013). 

CONCLUSION
No fumigant that has a broad spectrum of action 

like MB, and is inexpensive like phosphine, is presently 
available. Although there is no doubt that fumigation 
technology is extremely important for the protection 
of stored products, many demands are required from 
potential alternative fumigants, from the sensitivity 
and lack of resistance of target pests to requirements 
for registration of new fumigants and re-registration 
to maintain the use of old fumigants. However, there 
is increasing public concern over the adverse effects 
of pesticide residues in food and the environment. 
Existing gaseous alternatives to MB and phosphine 
suffer from the limitation that they may be useful 
for treating a particular type of commodity or for 
application in a specific situation only. Sulfuryl fluoride 
seems to emerge as a promising candidate fumigant for 
disinfesting stored food commodities, food-processing 
facilities and as a quarantine fumigant. Other fumigants 
are suitable to specific uses, such as propylene oxide 
for dry and shelled walnuts, spices, cocoa powder 
and nutmeats, ethyl formate can be suitable for dried 
fruits, cereals and grains. The global challenges in 
stored products are the development of new and safer 
gaseous treatments, and new application methods that 
are commercially feasible. 
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